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Abstract
One of the limiting factors for improving the sensitivity towards
single spin detection using Magnetic Resonance Force Microscopy
is the working temperature. A component limiting this working
temperature is the radio frequent (RF) source. The use of a
superconducting NbTiN instead of a copper RF-source improves
this working temperature and theory suggests that the dissipation
of such a NbTiN RF-source is geometry dependent. The
dissipation of 9 NbTiN RF-sources with different geometries was
measured using two different methods. First a four-point
measurement was used that returned inductive effects obscuring
the dissipation of the RF-source. Secondly a calorimetric
measurement was tried that returned dissipation originating in
the supply cables overshadowing the dissipation of the RF-source.
The dissipation of these supply cables corresponds very well with
the dissipation attributed to the RF-source by our predecessors.
The dissipation of the RF-source is thus found to be much lower
than previously thought.
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Chapter1
Introduction
One of the defining characteristics of superconductivity is the zero elec-
trical resistance for a direct current. A superconductor does however lose
energy due to the generation of unwanted heat when we send a high fre-
quency alternating current through it. This generation of unwanted heat
is called dissipation. We would like to find out how this dissipated power
depends on the geometry of a superconducting microwire when we send
a radio frequent current through it.
The motivation for this specific question originates from Magnetic Res-
onance Force Microscopy (MRFM) experiments. These experiments com-
bine Magnetic Resonance Imaging (MRI) with scanning probe microscopy.
Two of the requirements to realize such experiments are low temperatures
(scanning probe microscopy) and radio frequent (RF) signals (MRI).
One of the problems that occurs is heating of the experiment when the
RF-signal is sent through the microwire with the RF-source [1]. A super-
conducting microwire can be used to limit this heating [2]. To limit the
heating even further we want to find the relation between the geometry
of such a superconducting microwire and its dissipation so that we can
design a microwire with minimal dissipation.
In this thesis we will look at two methods to measure the dissipation
of a geometrically different set of such superconducting microwires for
various currents and frequencies.
Version of March 25, 2017– Created March 25, 2017 - 16:40
1

Chapter2
Theory
Since this is a follow-up experiment, we will not copy the entire theory
of our predecessors. We will instead focus on the relevant theory to un-
derstand the rationale behind the conducted experiments in this thesis.
Although we still do encourage you to read the thesis of our predeces-
sors [2], the theory presented below should be enough to understand this
thesis without any problems.
We will focus on three main ideas behind the experiments presented in
this thesis. First we will look at what a Magnetic Force Resonance Mi-
croscopy (MRFM) experiment entails and what its limiting factors are.
Then we will look at the definition of dissipation since it is such an im-
portant concept in this thesis. Lastly we will review some concepts of
superconductivity that are necessary for a complete understanding of the
steps taken and experiments conducted in this thesis.
2.1 MRFM experiment
Magnetic Resonance Force Microscopy (MRFM) is a crossover between
Magnetic Resonance Imaging (MRI) and scanning probe microscopy such
as Atomic Force Microscopy (AFM). The ultimate goal is to image a single
nuclear spin and with that to produce a microscope for molecular struc-
tures. The current benchmark is the 2009 paper by Poggio et al., where
they showed they were able to image a tobacco virus with a spatial resolu-
tion of less than 5nm [3–5]. One of the routes towards an even smaller spa-
tial resolution is reducing the temperature at which the experiment takes
place. A limiting factor for the working temperature of such an experi-
ment is the heating of the radio frequent source. Although the experiments
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require low magnetic fields and thus low RF-currents for T1-time exper-
iments, Adiabatic Rapid Passage experiments require 3 mT fields corre-
sponding to 10mA currents [3, 6, 7]. Currents of this magnitude cause the
sample to heat up, so that the experiment cannot be conducted. This is the
reason behind the superconducting RF-source and behind the interest in
the dissipation dependence of this source on its geometry.
2.2 Dissipation
Dissipation is the loss of energy due to the generation of unwanted heat.
In our case, however, it is not the loss of energy but the generation of un-
wanted heat that concerns us. In electronics this heat is generated due to
the resistance of the wire we send the signal through. At low temperatures
some materials become superconducting; meaning the DC resistance be-
low that temperature is zero. The logical step is thus to fabricate the radio
frequent source from a superconducting material.
2.3 Superconductivity
As stated above one of the characteristics of a superconductor is its zero
DC resistance. A superconductor is however defined by the Meissner ef-
fect: the ability of a material to expel a magnetic field during its transition
from the normal to the superconducting state. The superconducting state
is thus a phase governed by three physical quantities: temperature, cur-
rent, and magnetic field. If either of these quantities exceeds its critical
value, the superconducting state is destroyed.
There exist two different types of superconducting materials histori-
cally named type I and type II. In type I superconductors the supercon-
ducting state is destroyed when the magnetic field is raised above its crit-
ical value. Type II superconductors on the other hand have two critical
magnetic fields. When the applied magnetic field exceeds the first criti-
cal field value, a part of the magnetic flux penetrates the superconductor.
This state is called a mixed state. When the field exceeds the second critical
field, superconductivity is destroyed.
Important to note is that the amount of magnetic flux that penetrates
a type II superconductor is quantized. The current flows around the pen-
etrating flux lines adding or subtracting flux so that the total penetrated
flux is a multiple of the flux quantum. This is why such penetrating flux
lines are called vortices.
4
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Chapter3
This thesis
As stated in the introduction, we would like to find out how the dissipa-
tion of a superconducting microwire depends on its geometry when we
send a radio frequent current through it. We need a couple of ingredients
to answer this question but the two most important ones are: a set of geo-
metrically different microwires and a method to measure the dissipation.
We will first look into the set of microwires and how we came up with
their design. Then we will look at the two methods with which we tried to
measure their dissipation and, most importantly, why these methods did
not produce the interpretable results we wanted.
3.1 Chip design
For normal metals (or superconductors in their normal state) a longer and
a thinner wire both mean more resistance, since the resistance goes as:
R =
ρl
A
(3.1)
with R the resistance, ρ the resistivity, and l the length and A the area of the
wire. If we would like to produce a microwire with minimal dissipation
we should thus go for a short and thick RF-source.
Our predecessors however displayed a theory for the dissipation in a
superconducting microwire that steers us towards the belief that the dissi-
pation should be minimal for a short and thin RF-source in the microwire
rather than short and thick. The full theory can be found in their thesis [2],
but we will summarize it here as well.
We will be using a type II superconductor, i.e. a superconductor with
two critical magnetic fields, because we want to use it to generate a high
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Figure 3.1: Microscope image of one of the microwires. The microwire consists
of a bonding pad, a supply part and the RF-source. The numbers in the bottom
indicate the width of the supply part (20µm), and the length and width of the
RF-source (100x0.5µm).
magnetic field. As stated in the theory, magnetic flux lines can penetrate a
type II superconductor when the magnitude of an external magnetic field
lies between the two critical fields of the superconductor. These penetrated
flux lines are called vortices and they are pinned to a certain spot in the su-
perconductor called the pinning site. The dissipation of a superconductor
when an AC signal is applied is attributed to these vortices: when an al-
ternating electromagnetic field is applied, these vortices start to oscillate
around their pinning site, causing energy loss [8].
If the oscillating vortices in a type II superconductor are indeed the
cause of the dissipation, minimizing the amount of vortices should mini-
mize the dissipation. Therefore, the geometry of the RF-source could pre-
vent vortices from entering, thus minimizing dissipation. It is because of
this that we assume that a short and thin RF-source (as opposed to short
and thick one for normal metals) would dissipate the least since increasing
the width would only allow more vortices to enter [9].
The design of the microwires is as described in the outlook of the thesis
of our predecessors and consists of three parts: a bonding pad, a supply
part and the RF-source. A microscope image of one of the microwires is
shown in figure 3.1. The bonding pad is a large area needed to connect
the chip to the electronics on the outside of the cryostat. The supply part
is chosen so wide that even with vortices present in this part the dissi-
pation will be low. Although the current is the same through this part
of the microwire, but the area is large and thus the vortex density is low.
The reason for the RF-source itself to be thin comes from the MRFM ex-
periments. Since it is superconducting, it expels magnetic fields and thus
also the magnetic field of the cantilever. This causes the sesitivity of that
cantilever to go down which is why the RF-source needs to be thin.
6
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Figure 3.2: Combined microscope images showing the complete set of microwires
on the chip. From top to bottom: three different widths for the supply part (100,
50, and 20µm respectively), three 10µm long RF-sources with different widths
(0.5, 1.0, and 2.0µm respectively) and with a 20µm supply part, followed by three
100µm long and three 300µm long RF-sources, each length combined with each of
the three widths.
On the chip lie twelve microwires consisting of a combination of 3
lengths and 3 widths plus an extra three microwires with different widths
for the supply part of the microwire as shown in figure 3.2.
The widths of the RF-parts of the microwires on the chip are 2.0, 1.0,
and 0.5µm. The width currently used for the RF-source in the MRFM ex-
periments is 1.0 micrometer. With 2.0 and 0.5µm we can thus find out if
a thin RF-source indeed has a lower dissipation (vortices model) than a
thick one (common metals).
The different lengths of the RF-sources on the chip are 300, 100 and
10µm. The rationale behind these numbers is that if the vortices in the RF-
source are indeed the cause of the dissipation, we should be able to see a
trend in the dissipation for these three points. Secondly we would like the
location where the MRFM experiment can take place to be as large as pos-
sible (e.g. 300µm), but if the dissipation increases excessively with length,
we can design an RF-source that is a compromise between dissipation and
ease of use.
The different widths of the supply part of the microwires are 100, 50,
and 20µm. We want this part to be so wide that it does not contribute to
the dissipation. There might still be a trend in these three widths however
which is why we included them on the chip.
3.2 Method A: ’Quick’
Our predecessors had measured the dissipation of a single microwire.
One of the downsides of that experiment was the long measurement time.
We therefore tried a method which would be significantly faster. Instead of
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measuring the dissipation directly (but slowly) using a calorimeter (prede-
cessors and method B), we thought of measuring the dissipation by know-
ing the current through and measuring the voltage over the microwire.
The product of these two would then give the dissipation. The advantage
of this method is its speed. A voltage measurement is quick, so even if
we were to take a 1000 measurements for different frequencies, the total
experiment would take only a couple of minutes.
When we started to measure, electronic effects at the radio frequencies
where we wanted to measure dominated the measurement (figure 4.3).
We were however able to simulate the behavior of these electronic effects
(figure 4.6). The logical next step would thus be to subtract the simulated
electronic values and extract the dissipation. This turned out to be impos-
sible due to the irreproducibility of the measurements when one of the ca-
bles or connectors was moved and the total bandwidth of irreproducibility
was larger than the expected values for the dissipation (figure 4.8).
3.3 Method B: Calorimetric
Since the quick approach of method A did not work, we had to resort
to the slow but reliable method our predecessors had used. One of the
advantages is that we measure the dissipation directly with this method
using a so called calorimeter. This apparatus uses a heater to keep the
sample holder at a set temperature. When the current trough the sample is
then turned on and starts dissipating, the heater needs less power to keep
the sample holder at the same temperature. The difference in the power
sent to the heater is the power dissipated in the sample. The disadvantage
is that this is thus a very slow measurement because we have to wait for
the apparatus to arrive at its thermal equilibrium.
Although the method worked as it should and produced correct results
for the dissipation, we conclude that the measured dissipation did not
originate from the microwires. The superconducting filament in the sup-
ply cables to the experiment quenched due to an accidental LC-resonator
which peaked around 4− 5MHz (figure 5.18). The current would thus run
through the normal metal of the supply cable. This dissipated power that
then flowed to the experiment and was measured. The heating due to the
supply cables obscured the dissipation of the microwire, so we were only
able to give an upper limit (figure 5.20).
To make things worse, the supply cables were enveloped in a Teflon
sock, which was intended as a strain relief, but that eventually stored part
of the dissipated power. After a measurement, this Teflon sock gave its
8
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energy back to the supply cable very slowly. The supply cable would thus
still be warm when the next measurement started, facilitating the quench-
ing of the superconducting filament in the supply cable for lower frequen-
cies (figure 5.17). This effect caused the supply wires to obscure the dissi-
pation of the microwire over the full frequency range and not just around
the 4− 5MHz LC-resonator peak.
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Chapter4
Part 1: Method A: ’Quick’
4.1 Introduction
We want to know how the dissipation of a NbTiN microwire carrying ra-
dio frequent signals depends on the geometry of that wire. This calls for
a set of geometrically different microwires and a method to measure the
dissipation. Our predecessors had used a calorimetric device to measure
the dissipation which has the downside that a measurement takes a long
time. Since we wanted to measure not one, but a set of microwires, we
looked for a faster method. The voltage drop over a superconductor in its
superconducting state is zero. If this superconductor dissipates however,
e.g. loses energy to produce unwanted heat, there has to be some resis-
tance. This resistance in turn generates a voltage drop when we send a
current through the microwire. When we know both the current through
and the voltage over the microwire we can calculate the dissipated power
since:
P = UI (4.1)
The most prominent advantage of this measurement technique over
the calorimetric measurements of our predecessor is that the dissipated
power of the microwire can be determined quickly over a large range of
frequencies and currents. The lock-in amplifier has a function called fre-
quency sweep in which it sends a signal for a range of frequencies and
for each frequency measures the voltage drop over the sample. A second
advantage is that we do not need to worry about any dissipation com-
ing from other sources than the microwire, e.g. bad connections, non-
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superconducting components etc., because we measure the voltage drop
over the microwire only. To do so we use a four-point measurement: we
send the signal through one pair of cables and measure the voltage drop
with another pair. In this way we do not measure the unavoidable voltage
drop in the cables. Using this four-point measurement we will therefore
only measure the energy dissipated by the microwire.
The experiments of our predecessor with a similar microwire gave val-
ues for the dissipation in the microwire of about 50− 400µW over a fre-
quency range from 0.5− 5MHz and a current range of 2− 7mA [2]. With
this knowledge, the voltage drop over the microwire we expect (U = P/I)
should be on the order of tens of millivolts, which makes this method ex-
perimentally viable.
4.2 Materials and Methods
This chapter consists of three parts. We will first look at the circuit used to
measure the voltage over the microwire at MHz frequencies. Then we will
look into the sample holder we use to connect the microwires on the chip
and finally at how we can cool this sample holder using liquid helium.
4.2.1 Circuit
We use a 4-point measurement to determine the voltage drop over the
microwire and sweep the frequency at a given output voltage. To convert
this output voltage to a current we use a 1kΩ resistor as an IV-converter.
To get rid of high frequency jitter, we add a 15pF capacitor to the 1kΩ IV-
converter to create a low pass filter with a 10MHz cutoff frequency. The
complete schematic is shown in figure 4.1.
Since we are measuring this voltage at a specific frequency we will be
using a lock-in amplifier instead of a digital multimeter. A lock-in am-
plifier has the advantage that it can extract a signal with a known carrier
wave (frequency) from a very noisy environment. A second advantage
is that we can extract the phase of the signal. The phase carries valuable
information on the electrical system we are looking at. An inductor for ex-
ample goes as iωL, so the phase should go to +90◦ for a pure inductor. The
most prominent advantage however comes from the fact that we want to
know the dissipation as a function of frequency. The lock-in amplifier has
a function where it sends a signal with a certain frequency to the system
and then measures the response at that same frequency. It can sweep this
12
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Figure 4.1: Schematic of the 4-point measurement circuit to find the dissipation of
a microwire. The microwire is modeled as a very small resistor and inductor. We
measure the voltage differentially, meaning that we use only the core of the coax
cables to send and measure signals using the outside of the cables as shielding
only. To convert 1V to 1mA, we need a 1kΩ resistor which we split in two 500Ω
resistors since we measured differentially. To protect the microwires on chip from
high frequency jitter, we used these 500Ω resistors to make a first order low pass
RC-filter with a 10MHz cutoff.
frequency over a large range in a short time, returning the voltage over the
microwire which is in essence the dissipation.
We send and measure the current with the lock-in amplifier in differ-
ential mode. This means that the signal runs through the cores of two
separate coax cables instead of through the core and the shielding of one
coax cable. Measuring in differential mode shields the signal from exter-
nal noise which enables us to measure the possibly small signals with the
highest precision possible.
4.2.2 Sample holder
To connect a microwire we need 4 bonding pads on the sample holder.
To connect the 12 microwires we would thus need 48 bonding pads. The
sample holder we used has 12 bonding pads (figure 4.2), resulting in a
maximum of 3 microwires that we can measure simultaneously. We wire-
bonded these three microwires to the 12 bonding pads with aluminum
bonding wire. This bonding wire will become superconducting only at
1K, but our predecessor measured the resistance of these wirebonds to be
smaller than 10mΩ, which would return negligible values for the dissipa-
tion in a 1kΩ system.
Version of March 25, 2017– Created March 25, 2017 - 16:40
13
14 Part 1: Method A: ’Quick’
Figure 4.2: Picture of the chip and sample holder. The sample holder has 6 con-
nection pads on each side. We can thus connect 3 microwires with a four-point
measurement.
4.2.3 Dipstick
The experiment has to take place at temperatures below 13K for the ma-
terial of which the microwire is fabricated to become superconducting.
Helium becomes liquid at 4.2K which is well below the critical tempera-
ture of the microwire. If we thus submerge the sample holder in liquid
helium, we can conduct the experiment. However, the helium naturally
starts to boil when we submerge a warmer object in it. If we thus were
to submerge the sample holder directly, our wirebonds and possibly even
the chip would boil off. This is why we use a dipstick. It is a cone in which
we mount the sample holder with a thinner neck where the cables are fed
through. The whole thing is sealed tight and pumped vacuum. It is then
lowered into a dewar with liquid helium. This has to be done slowly in
order to boil off as little helium as possible. We use a thermometer to mon-
itor the temperature of the sample holder and when the temperature of the
liquid helium is reached, we can start the experiment.
4.3 Results and discussion
In this chapter we will show that the voltage over a microwire can be
measured using a 4-point measurement and using a lock-in amplifier. The
voltage over the microwire increases with frequency. This behavior is as
14
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expected from the results of our predecessors [2], but the curve consists of
three distinctive parts that were not found previously. We study the shape
of this curve using a coax cable short as a model for the superconducting
microwire.
4.3.1 Three part curve
The voltage over the microwire increases with frequency as shown in fig-
ure 4.3. As stated above, we expected an increase in dissipation (and thus
in the measured voltage) with frequency. However, the way in which this
dissipation increases is different than expected from the predecessor mea-
surements. The measured curve consists of three parts labeled A, B and
C in the figure. The first part is horizontal, the second is sloped, and the
third is curved. We will now discuss each of these parts separately.
Since the first part is measured at low frequencies (A), we can think of
this as a DC measurement. This means that we are probably looking at
the resistance of the wirebonds that we used to connect the microwire. We
are using a 1kΩ system with wirebonds of which our predecessor found
a value of < 10mΩ for the resistance. When we apply a voltage over the
system, the measured value over the wirebonds should correspond to a
factor of < 10mΩ/1kΩ of that voltage. For 1V this results in a value of
(10−2/103 =) 10−5V and that corresponds with the data.
The second part of the curve (B) starts at a kilohertz and goes up to a
couple of megahertz. We can definitely not look at this part as DC any-
more. Therefore we checked the slope with which the voltage increased
and found that it is a perfect 1. This could indicate that we are simply
measuring the impedance of a coil given by Z = iωL. The phase spoils
this assumption though, since the phase should go to positive 90 degrees
instead of negative. However, if we for the moment assume that negative
inductance exists (and we will see later that it does [10]), we can explain
these results.
The third part of the curve (C) is a curved part near the end of the range
of the lock-in amplifier. The voltage increases steeply in this part, so this
might be the dissipation of the microwire we are looking for. Even if the
first part is noise or residual resistance and the second part is caused by
inductance we should be able to subtract these electronic effects from the
measurement to expose the pure dissipation.
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Figure 4.3: Frequency sweeps for a four-point measurement over three of the
microwires at 5.1K and 1mA. The curves consist of three parts: a horizontal part
(A), a sloped part (B), and a curved part (C). Part A is attributed to a DC resistance
most likely coming from the wirebonds connecting the microwire (< 0.01Ω). Part
B shows a linear increase with slope 1 and is thus attributed to the inductance of
the microwire. Part C is a convex increase and is attributed to the start of an
LC-resonator peak which is just out of range of the lock-in amplifier.
16
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4.3.2 Coax cable model
In order to investigate the assumptions for the three parts of the curve,
we decided to model the superconductor at room temperature. We used
a 4-point measurement over a coax cable of different lengths (and thus
different inductances and resistances). These results are plotted in figure
4.4 along with the curves of the microwires.
The first two parts of the curve match: the horizontal part (A) and the
angle of the increase (B). This strengthens the assumption that the first part
corresponds with residual resistance and that the second part corresponds
with inductance (albeit positive inductance). At the higher frequencies (C)
however, the curves diverge.
The curves of the three superconducting microwires are convex for
high frequencies where the curves of the coax cables are concave. We
attribute the behavior for the coax cables to the filter we use. A part of
the current flows through the capacitor of the filter causing less current to
flow through the coax cable under test which in turn results in a smaller
voltage measured by the lock-in amplifier.
This assumption depends strongly on the cutoff frequency of the filter,
designed to be 10MHz, which is too high to explain the behavior. The
cutoff frequency of an RC-filter is given by:
fc =
1
2piRC
(4.2)
with fc the cutoff frequency, R the resistance and C the capacitance of the
filter. In order to check the cutoff frequency, we directly measured the
voltage drop over the capacitor in the filter. The filter shows a cutoff of
about 1MHz which is way lower than the designed 10MHz and which
can explain the concavity. We attribute this difference to the extra capaci-
tance that the coax cables add between the filter and the experiment. The
capacitance needed for a certain cutoff frequency is given by:
C =
1
2piR fc
(4.3)
For a cutoff frequency of 1MHz and a resistance of 1kΩ, this returns
a value for the capacitance of 160pF. Since the capacitance of these coax
cables is about 100pF/m cable, the cutoff frequency of the filter (which
uses a 15pF capacitor) can be lowered significantly.
As a second test, we decided to add a small (10Ω) resistor and again
varied the length of the coax cable. The voltage over this resistor with a
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Figure 4.4: Frequency sweeps for a four-point measurement over the filter at 1V,
and at 1mA over three different lengths of coax cable and over a 10Ω resistor
connected with two different lengths of coax cable. The curves of the microwires
of figure 4.3 are added for comparison. The filter shows a cutoff of about 1MHz
due to the extra capacitance the coax cables add. The curves for the three different
lengths of coax cable consist of three parts: a horizontal part (A), a sloped part (B)
and a slightly curved part (C). Part A is contributed to the resistance of the cable.
Part B is contributed to the inductance of the cable. Part C is contributed to the
filter (with coax cables) which cuts off part of the current before it arrives at the
experiment. The curves for the resistor with different lengths of the coax cable
illustrate that part C is due to the filter. In the curve of the resistor with a short
coax cable, the inductance is low so that the curve follows the curve of the filter.
For the curve of the resistor with a long coax cable, the inductance is high so that
the inductance dominates the effect of the filter.
18
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short coax cable (small inductance) gave a concave behavior at high fre-
quencies corresponding with the behavior expected for a low pass filter.
The voltage over this same resistor but now connected with a longer coax
cable showed convex behavior because the inductance of that cable now
outweighed the cut off of the filter.
4.3.3 Part C: Start of LC-resonator peak
Although we can now explain the concave behavior of the tests with the
coax cables, we did not yet give an explanation for the convex behavior
of the curves of the microwires. As we now know, a 1kΩ resistor in com-
bination with a cable capacitance of about 100pF/m generates a low-pass
filter with a cutoff frequency depending on the length of the cables used.
This effect also contributes to the convex behavior for the curves of the mi-
crowires. The length and type of the cables used for the microwire experi-
ments differ from the tests with the coax cable. Therefore, the total capac-
itance of the cables used for the experiment with the microwires is higher
than that of the tests with the coax cables. This extra capacitance in com-
bination with the inductance of the microwire generates an LC-resonator
whose peak just starts to be visible at high frequencies. The start of this
peak is what causes the curve to exhibit the convex behavior.
4.3.4 Simulation
To validate the explanations for the behavior of the curves described
above, we decided to simulate the circuit with an electronic circuit simula-
tor. These simulators are generally used in printed circuit board designs to
test the integrity of the system. In our case we modeled the microwire ex-
periment using just three passive components: a capacitor, a resistor and
an inductor.
A coax cable can be modeled using these three components as shown in
figure 4.5 (a). These three are then infinitely small and infinitely repeated
generating the characteristic 50Ω impedance of the coax cable. When we
replace the coax cables in the circuit of figure 4.1 with these passive com-
ponents and neglect the resistors and inductors in the cable we end up
with the circuit of figure 4.5 (b). We can dismiss the inductors and resis-
tors in the cable because we are using a four-point measurement. The four
point measurement is designed such that any resistance or inductance in
the cables does not influence the measurement. The capacitance of the ca-
bles however does still play a role because it becomes essentially a short
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Figure 4.5: Representation of a coax cable in passive components which add up
to the characteristic 50Ω impedance when they are infinitely repeated (a) and
the circuit used to simulate the behavior of the microwires and coax cable model
using Spectrum Software’s Micro-Cap 11 [11] (b). Replacing the coax cables in
figure 4.1 with the representation in passive components of (a) and eliminating
elements that do not contribute we end up with the circuit of (b).
at the higher frequencies at which we are measuring.
In short: a small inductor and resistor were used to model the mi-
crowire or coax cable under test while the capacitor was used to model
the capacitance of the coax cables towards the experiment. We thus cre-
ated an LC resonator of which the resonance frequency goes as:
Fc =
1
2pi
√
LC
(4.4)
with Fc the resonance frequency, L the inductance and C the capacitance.
With the above explanations captured in this simple model, we were able
to reproduce the behavior of the curves as shown in figure 4.6 using val-
ues around 0.7µH and 1nF for the microwires. The inductance of the 2m
coax cable was 0.9µH, reassuring us that we were staying within realis-
tic values for the components used to describe the microwire curves (al-
though we still needed a negative inductance to match the phase of the
microwires). This further strengthens the validity of the above assump-
tions for the shape of the curve, but it poses the question: what could
cause this negative induction?
Although negative inductance seems to be a non-physical phenomenon
in passive circuitry, it can be fabricated in active circuitry to cancel un-
wanted inductance. However, negative inductances are a known problem
in simulations. The appearance of this negative inductance is then usu-
ally attributed to a so called three-winding transformer. The official term
for these negative inductances is then called negative values of equivalent
leakage inductance. The representation of such an inductance with mutual
20
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Figure 4.6: Frequency sweep simulations for the filter, the coax cables of different
lengths, the 10Ω resistor with a long coax cable and the three microwires plot-
ted over the measured values. The circuit used for these simulations is shown in
figure 4.5. The values for the cable capacitance were found from the cut off fre-
quency of the filter. The resistance and induction of the coax cables was adjusted
to fit the curve. The capacitance of the coax cables was increased (longer cables)
to produce the convex part of the microwire curve.
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Figure 4.7: Representation of a three winding transformer from [10] and the con-
nection scheme of the microwire. (a) Representation of inductance with mutual
coupling in a three-winding transformer with L the inductance of the coil and M
the mutual inductance between the coils. (b) The connection scheme of our mi-
crowire. The aluminum wirebonds can be modeled as small inductors (L) with a
mutual inductance (M). This scheme then looks similar to the second representa-
tion of a three-winding transformer as in (a).
coupling is shown in figure 4.7 (a) [10].
Although we know that negative inductance is non-physical in passive
circuitry, the second representation in this figure looks strikingly similar
to the connection scheme of our chip (figure 4.7 (b)). The V+ and I+ are
located next to each other, as are the V- and I-. If we model the aluminum
wirebonds as a tiny inductor and resistor and take into account that these
wirebonds are located closely to each other, we could model them as a
tiny transformer. We are measuring the voltage drop over the microwire,
which in this representation corresponds to the inductor labeled with the
mutual inductance M. This mutual inductance can be negative, and then
this could account for the negative inductance we are measuring.
Either way, even if such a negative inductance should not be possi-
ble to create physically, it is used in simulations. The rule of thumb is then
that apparently somewhere in the complete circuit the phase shifts another
180◦ without anyone knowing where or how, but that it is allowed to sim-
ulate this behavior using a negative inductance.
4.3.5 Dissipation measurement
Now that we can explain and model the behavior of the curves, we might
want to subtract this behavior from the experimental results in order to ex-
tract the voltage drop over the microwire responsible for the dissipation.
22
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Figure 4.8: Frequency sweeps for the same four-point measurement over a coax
cable short (5cm) at 1mA illustrating the irreproducibility. The curves are repro-
ducible until one of the four cables connecting the experiment is moved. Colors
were added randomly to show the difference in behavior between the curves.
In order to do so, the experimental results have to be completely repro-
ducible in order to be able to subtract the modeled values and extract a
reasonable value for the dissipation.
To see if this would be possible, we decided to measure the repro-
ducibility of a frequency sweep over a coax cable short. Such an experi-
ment would have to be completely reproducible since there are no strange
components in the circuit (such as a custom cable or a superconducting
microwire) and the external effects are minimized. The results of this re-
producibility test are shown in figure 4.8. Note that we did not disconnect
any of the cables used and that we only moved the cables or turned the
connectors between taking the frequency sweeps. As is clearly visible, it
turns out that even this simple experiment does not give us reproducible
results. To exclude any external effects causing this irreproducibility we
left the cables untouched for different amounts of time of up to 30 minutes
before taking the next frequency sweep. These curves aligned perfectly in
Version of March 25, 2017– Created March 25, 2017 - 16:40
23
24 Part 1: Method A: ’Quick’
each instance confirming that the irreproducibility was due to moving the
cables or connectors.
4.4 Conclusion
We tried to extract the dissipation of a superconducting microwire by
measuring the voltage drop over the microwire at different frequencies.
We used coax cables and BNC connectors to connect the microwire which
was itself in a vacuum cylinder submerged in liquid helium to a lock-in
amplifier used to take the frequency sweeps. Although the use of coax
cables with BNC connectors is very common in experiments, the demands
imposed on the coax cables for this method turned out to be too high.
Each time we moved a cable or connector slightly between two sweeps,
the curve would be slightly or even completely different. Even a simple
experiment originally meant as a test returned fluctuations on the order of
the signal for the dissipation we wanted to extract. It will therefore not be
possible to measure the dissipation of a microwire without using a circuit
specifically designed for use with high frequencies.
We could thus design and build a circuit specifically with high fre-
quency signals in mind, but we are still not certain if a four point mea-
surement could give us correct results for the dissipation of the microwire.
Therefore, we decided not to continue with this method and instead opt
for the slow but reliable method our predecessors used.
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Part 2: Method B: Calorimetric
5.1 Introduction
We still want to know how the dissipation of a NbTiN microwire carrying
radio frequent signals depends on the geometry of that wire. And we still
have a set of geometrically different microwires. However, the method we
tried in the previous part did not produce any results uncovering the dis-
sipation of such a microwire. In order to be able to measure the dissipation
we therefore looked at the method our predecessors used: a calorimetric
measurement.
A calorimetric measurement uses a calorimeter to measure the dissipa-
tion. Such a calorimeter works a little like a thermostat. It uses a heater
and a thermometer to keep the temperature of the sample holder at a set
temperature. When a sample on this sample holder dissipates power, the
heater needs less power to keep the temperature at the set temperature.
The difference in the power that this heater needs has to be the power
dissipated by the sample.
A calorimeter is an apparatus that measures the dissipated power di-
rectly and the measured quantity is electronically decoupled from the sig-
nal. The signal that we send trough the microwire is still an AC current at
MHz frequencies, but the measured quantity is now a DC current sent to
the heater with another circuit.
The disadvantage of this measurement method is that it is very slow.
The sample has to reach its equilibrium temperature before we can mea-
sure the actual dissipation of the microwire but such equilibria take a long
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time to reach, depending on the thermal conductance and capacitance of
the relevant components.
5.2 Materials and methods
In this section we will look at the calorimeter our predecessors build fol-
lowing the idea of Kajastie et al. [12] which we will use to measure the
dissipation. First we will explain what the calorimeter is and what its
components are. Then we will look into the wiring of the calorimeter, the
protocol we will use to measure the dissipation and finally at how we col-
lect the data. All of the adjustments were based on one principle: how can
we make the calorimetric measurement faster and more efficient.
5.2.1 Calorimeter
The basic components needed for the calorimetric measurement are: a
sample holder (called the target heat bath), a heater and a thermometer.
This is however not enough for a very precise experiment. Fluctuations in
the base temperature during the measurement influence the power needed
to keep the target heat bath at the set temperature. In order to make a more
precise dissipation measurement, we add another bath: the reference heat
bath. This bath is also fitted with a thermometer and a heater as shown in
figure 5.1.
The reference heat bath can be kept at a stable constant temperature a
little above the base temperature. This makes the experiment insusceptible
to thermal fluctuations of the base temperature. In order to be able to keep
the baths at different temperatures we need weak thermal links between
these three stages. Even more, the thermal conductivity of the target heat
bath to the reference heat bath times the temperature difference between
the two has to be much smaller than the expected dissipation. Otherwise
the margin of error is too large to be able to say anything about the dissi-
pation.
Components
Our predecessors had fabricated the calorimeter based on the sample
holder used in the actual MRFM measurements. The part that holds the
sample became the target heat bath and the surrounding shell became the
reference heat bath.
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Figure 5.1: Schematic representation of the dual compensated calorimeter from
Kajastie et al. [12]. The dashed lines denote radiation shields. The reference and
target heat bath are located inside a vacuum. The thermometer and heater are
denoted by T1(2) and qF1(F2). The measured quantity is the target feedback power
qF1.
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Figure 5.2: Picture of the target heat bath (cu-plate; center) in the reference heat
bath (gold coated aluminum). In the center of the target heat bath lays the chip
with the 12 microwires. Seven niobium strips lie on either side of the chip. Each of
the niobium strips has a cable with a superconducting filament (NbTi) in copper-
nickel spot welded to it (obscured by the white Teflon tape). This cable is further
enveloped in a Teflon sock acting as strain relief.
In order to find the geometry dependence of the dissipation for a mi-
crowire, we needed to measure the dissipation for the whole set of mi-
crowires. As stated above a calorimeter measurement is slow because it
needs thermal equilibria. In order to maximize the amount of data points
per unit time, we needed a target heat bath with it a short thermal RC-
time. We decided therefore to exchange the original sample holder with
a small and thin copper plate. We left the reference heat bath as it was: a
large block of aluminum surrounding the sample holder.
Temperature PID control
In order to measure the dissipation, we have to be able to measure the
power needed to keep the sample holder at a set temperature. We thus
needed a loop that continuously measured the temperature and heated
the sample holder if necessary. The best way to do this is by using a
28
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PID control loop (using proportional, integral and differential gain) for
the temperature.
A PID control loop tries to minimize the difference between a mea-
sured value and the set value by returning a control variable. In our case
the measured and set values were temperature, but we chose our control
variable to be the power sent to the heater. From this power we calculated
the voltage we needed to send to the heater to generate this power at our
sample holder. This had as major benefit that the PID control loop directly
gave us the value we needed (the power).
5.2.2 Wiring
There are a couple of points to take into account when wiring the calorime-
ter based around three themes: heat production, heat conductivity, and
ease of use. We will first look into some general guidelines. Then we will
look into the connections as sources of dissipation and the heat conduc-
tivity requirements. Finally we will present the scheme that we came up
with.
General guidelines for wiring
We want to limit heat production by everything else but the microwire
on the chip. Because the whole experiment takes place at liquid helium
temperatures we can use superconducting cables to send the signal to the
sample, minimizing dissipation in the cables. Furthermore we can use as
little non-superconducting connections as possible because these dissipate
heat. The problem then is the ease of use. If we hypothetically were to use
one cable and spotweld it to the chip, we would limit the dissipation the
most but it would be very inconvenient when fabricating and installing the
experiment. This is why we need some connectors. Another reason comes
from the heat conductivity requirements. The cables we use consist of a
superconductor in another metal. We have two choices for these cables,
one with high and one with low heat conductivity. Since we will connect
12 microwires, we will create a significant heat link with our cables.
Recall that the total heat conductivity of the target heat bath to the out-
side world times the temperature difference between them has to be much
smaller than the expected dissipation of the microwire. We will thus use
the cables with low heat conductivity between the target heat bath and the
reference heat bath. We will however use cables with a high conductivity
between the base plate and the reference heat bath. In that way, if any
heat is produced in the connector between these two types of cable, the
Version of March 25, 2017– Created March 25, 2017 - 16:40
29
30 Part 2: Method B: Calorimetric
heat will flow away from the experiment. A third and final reason comes
directly from fabrication, some materials are needed or just better suited
for certain parts of the circuit and we will need to fit those materials in
using a connection (e.g. we need wirebonds to connect the chip, but since
we are using aluminum they are not yet superconducting and will thus
dissipate).
Connection methods
We want to measure the dissipation of the sample only. Therefore we need
to minimize the dissipation in all other possible sources, but generally a
connection between two cables dissipates. We would thus like to have as
few connections as possible. It is however very convenient to be able to
disconnect certain parts of a measurement setup and that is where you add
a connector. Certain parts can only be fabricated with certain materials, so
we also need a connection at these points too. Now if such a connection is
thus really necessary, we would like a connection that dissipates the least.
For our purposes, we would like the connectors to dissipate less than a
µW at 10mA. The three types of connections available are spot welding,
soldering, wirebonding, and adding a connector.
A spot welded connection between two superconducting materials dis-
sipates practically no heat because it is a ‘perfect’ connection, meaning
there is basically no transition between the two materials. The obvious
downside of a welded connection is that it can only be used at points
where the two parts do not have to come apart regularly and where there
is no danger of damaging nearby components.
A soldered connection has practically the same benefits and disadvan-
tages: the connection is ‘perfect’ since the solder is a tin-lead alloy and
the lead becomes superconducting around 7K and it can only be used for
points that do not have to come apart often.
Wirebonding is used only to connect the chip to the bonding pads on
the sample holder. The most common material to bond with is Aluminum
wire which is not yet superconducting at temperatures around 4 Kelvin,
so the wirebonds do dissipate heat. To minimize this dissipation, we used
4 wirebonds in parallel. The resistance of a single wirebond was approxi-
mately 6mΩ, resulting in a dissipated power of 0.15µW for 4 in parallel at
10mA.
The connector we use to solder a cable to is a gold connector. Although
the solder itself is superconducting, the gold is not, so the connector dis-
sipates heat. These gold connectors are specified for a 7mΩ contact resis-
tance after 1000 cycles resulting in a dissipated power of < 1µW at 10mA.
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Note that all values mentioned above for the resistance are specified for a
DC current. With AC currents, and specifically at higher frequencies, the
calculated values for the dissipation will most likely be a lower limit.
Parasitic heat links
To make sure that all heat produced by the sample is measured by the
calorimeter, we want no parasitic heat links between the sample holder
and the base plate. This means that all heat has to flow from the target
heat bath to the reference heat bath and only then to the base plate. All
cables going to or coming from the sample holder thus have to be ther-
malized to the reference heat bath. However, we would also like to be able
to disconnect the target heat bath from the reference heat bath (e.g. when
we want to connect the chip on the target heat bath using a wirebonding
machine). To meet these requirements we need a well thermalized con-
nector block on the reference heat bath.
This connector block was fabricated as follows. A block of gold con-
nectors (14 in total) was soldered to another block of gold connectors of
the same type with all female ends pointing outwards. This enabled us to
produce cables with male gold connectors as endpoint (as is the standard).
The soldered connectors were placed in a copper housing which was then
filled with stycast. The complete block in the copper housing was then
screwed tight to the reference heat bath.
Signal transport design
From the chip with the microwires to the connector block thermalized to
the reference heat bath, we used the following materials and connections
(figure 5.3): the microwire (niobium-titanium-nitride; NbTiN) on the chip
was wirebonded (with aluminum wire; Al) to the niobium strips on the
sample holder. A superconductor (NbTi) in copper-nickel cable (100µm
diameter) was spot welded to the niobium strips on one side and soldered
to a gold connector on the other.
The design from the connector block on the reference heat bath to the
connectors on the base plate was simpler. A superconductor (NbTi) in cop-
per cable (100µm diameter) was soldered on both sides to a gold connector
with one side connected to the gold connector on the reference heat bath
and the other to the connector on the base plate.
We specifically chose to use a superconductor in copper-nickel cable
for the part from the target heat bath to the reference heat bath and for a
superconductor in copper cable from the reference heat bath to the base
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Figure 5.3: Schematic of the connection scheme from the target heat bath to the
reference heat bath. The target heat bath is a copper plate with niobium strips con-
taining the chip. The microwires on this chip are connected to the niobium with
aluminum wirebonds. A superconducting filament (NbTi) in a copper-nickel ca-
ble is spot welded to the niobium strips. This cable is enveloped in a Teflon sock
that acts as a strain relief.
plate. We did this because even if a connector dissipates heat, it does not
have to interfere with the measurement if the generated heat does not heat
up the sample holder.
The gold contacts in the connector block are well thermalized to the
reference heat bath and the heat conductivity of copper is much better
than that of copper-nickel. Any heat generated in the gold contacts will
thus flow to the reference heat bath or through the copper towards the
connectors on the base plate but not through the copper-nickel towards
the target heat bath.
One issue with the fabrication of the signal path was the strength of
the superconductor in copper-nickel cable. This cable snapped regularly
around the end of the niobium strip to which it was spotwelded. The
spotwelding itself was not directly the issue because the cable did not snap
at the welding spot but a little further down the cable.
We therefore decided to reinforce the cable over the full length. The
cable we used was originally shielded with braided copper-nickel which
we dismantled in order to keep the heat conductivity low. Teflon was
used between the shielding and the core as a dielectric and since Teflon is
an insulator its thermal conductivity is very low. We could thus keep the
Teflon as a strain relief for the cable without significantly increasing the
heat conductivity of the cables.
For the cables connecting the thermometer and heater, the design is less
stringent. If we sent a current to the heater, we actually want the sample
32
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holder to heat up so a little extra dissipation is not necessarily a prob-
lem. Through the thermometer flows only a very low current that changes
slightly as the temperature changes the resistance of the thermometer. Be-
cause the resistance is usually very high and the voltage low, a thermome-
ter typically dissipates < 1nW, well below the maximum dissipation of
1µW we put forward. Still, we do not want any parasitic heat links from
the sample holder to the base plate, so the cables coming from the con-
nectors on the base plate are again thermalized to the reference heat bath
with a connector block. The materials and connections used are the fol-
lowing. A gold connector was soldered to the thermometer/heater. The
thermometer/heater was connected to the thermalized connector block
and the connector block to the connectors on the base plate using super-
conductor (NbTi) in copper cables (100µm diameter) for both parts.
5.2.3 Protocol
As stated before, a calorimetric experiment has the major disadvantage
that it is slow. Since we wanted to characterize not a single microwire but
a set, we put some time in optimizing the measurement protocol.
Method A: Paper
The protocol proposed by our predecessors (figure 5.4) consists of two dis-
tinct parts that are almost identical, where the only difference is whether
or not we send a signal through the microwire. Recall that we want to
extract the power the microwire dissipates, but that we cannot measure
this directly. Therefore, the data we collect from the measurement is the
power a heater needs to keep the temperature of the sample holder at a
set temperature. The difference in the power the heater needs with and
without a signal through the microwire has to be the power dissipated by
the microwire.
The first part (A-B) is thus in essence a calibration measurement which
consists of two parts. First we heat the sample holder with the heater to
a set temperature and wait for the power needed to keep the target heat
bath at the set temperature to stabilize (A). Then we take a time average
of this power and let the sample holder cool down to its base temperature
(B).
The second part (C-E) is very similar to the first part but consists of
three parts. First we send the signal through the microwire and wait for
the temperature of the sample holder to stabilize (C). Then we heat the
sample holder to the set temperature with the heater and wait for the
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Figure 5.4: Schematic of protocol A (as proposed by Kajastie et al. [12]). The
protocol consists of two distinct parts: Calibration (A-B) and measurement (C-E).
The calibration part consists of two parts. A: heat the target heat bath to a set
temperature and measure the power needed to keep it at that temperature. B: let
the target heat bath cool down to the base temperature. The measurement part
consists of three parts. C: turn on the sample which then starts dissipating heat.
D: heat the target bath to the set temperature and measure the power needed to
keep it at that temperature. E: turn off the sample and let the target heat bath
cool down to the base temperature. The power dissipated by the sample is then
the difference between the power needed to keep the target heat bath at the set
temperature in the calibration and the measurement part.
34
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power needed to keep the sample holder at that temperature to stabilize
after which we take a time average of this power (D). Then we stop send-
ing a current through the microwire and let the sample holder cool down
to its base temperature again (E).
Method B: ’Quick’
In order to cut the time needed per data point, we looked not only at the
temperature vs time graph of the sample holder, but also at the power vs
time graph of the heater. The latter one is the one from which we even-
tually extract the data for the dissipation. Two of the steps of the proto-
col from the paper that did not necessarily contribute to the measurement
were the cooling down of the target heat bath (B and E). This triggered us
to devise a protocol with fewer steps but that should still yield the same
results. This protocol is illustrated in figure 5.5.
First we heat up the sample holder to the set temperature with the
heater and wait for the power needed to stabilize after which we take a
time average (A). Then we do not let the sample cool down, but imme-
diately send the signal through the microwire while keeping the temper-
ature of the sample holder constant using the heater (B). Because the mi-
crowire will now start to dissipate heat, the power that the heater needs
to keep the sample holder at the same temperature will start to decrease.
All we have to do is wait for the power that the heater needs to stabilize,
after which we can take a time average of this power. Then we cut the sig-
nal through the microwire, which thus stops dissipating heat, causing the
heater to need more power again to keep the temperature constant (C).
We can repeat parts B and C without having to heat or cool the target
heat bath while continuously extracting the data we want. We could for
instance measure the dissipation for different currents or frequencies and
only after we gathered all data let the target heat bath cool down again
(D).
Protocol duration
This new protocol should shave quite some time off of the measurement
time since the amount of steps is more than halved. However, we don’t
yet know the time any of the proposed steps take.
We carried out all the different steps by hand in order to find approx-
imate times for when the sample holder reaches its thermal equilibrium.
Important to note here is that the cooldown time of the sample holder
depends on whether or not we have been sending a signal through the
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Figure 5.5: Schematic of protocol B (as proposed by us). The protocol consists of
two parts: setup and cooldown (A and D) and measurement (B-C). The setup and
cooldown part are used to initiate the measurements. A: heat the target heat bath
to a set temperature and measure the power needed for the heater to keep it at that
temperature. D: let the target heat bath cool down to the base temperature. The
measurement part consists of two parts as well. B: turn on the current through the
sample. The sample then starts dissipating heat causing the heater to need less
power to keep it at the set temperature. C: turn off the current through the sample
and wait for the power that the heater needs to keep it at the set temperature to
stabilize. The power dissipated by the sample is the difference between the power
needed by the heater to keep the target heat bath at the set temperature with
and without current running through the sample. The values for temperature
and power are the same at the start of B and the end of C. We can thus directly
repeat the measurement (steps B and C) for several currents or frequencies before
cooldown (D).
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microwire. The cooldown time triples in the case where we have sent a
signal through the microwire. Qualitatively we can understand this ef-
fect if we bear in mind that the heat is generated at two different places
through two different mechanisms. Apparently, the thermal coupling of
the heater to the sample holder is better than the coupling of the source
of dissipation coming from the sent signal and therefore this last source
takes longer to transfer its heat to the sample holder. If we now add the
times each step takes for both protocols, we find that the time we win by
decreasing the number of steps in the new protocol, is compensated by
the time these new steps take. So although the new protocol looked like
a major improvement for the amount of time one measurement takes, the
total measurement time for the two turns out to be almost equal.
We can explain this difference if we look at the temperature of the target
heat bath. In the new protocol, we keep heating the sample holder to keep
it at the set temperature which causes the system to take longer to find its
thermal equilibrium. Thermal conductance is linearly proportional to the
difference in temperature, but we try to keep this temperature difference
as close to zero as possible. With a better thermal coupling of the source of
dissipation however, the second protocol could still become significantly
faster because we would then rely less on the thermal conductance.
Protocol selection
Now that we know that the total measurement time is not a discerning
factor, we can base our choice of protocol on some different aspects. One
significant advantage of the original protocol is its clarity. First off, be-
cause there are more steps involved, we know more precisely what should
be happening at each time, and, more importantly, because the tempera-
ture varies over the time of the experiment (which it does not in the second
protocol), we can extract some qualitative information about the processes
taking place on the sample holder. An immediate downside of this first
protocol is that there are more steps involved which causes the program-
ming of the protocol to be a little more bulky. The clarity of the protocol
easily outweighs this downside however, thus we will stick with the orig-
inal protocol.
5.2.4 Data collection
We want to measure the complete set of microwires, but time is the lim-
iting factor. We will thus first look at how we can automate the measure-
ment so that we can measure overnight. An important feature we need is a
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safety stop for when the temperature reaches a certain level. Secondly we
want to be able to measure the complete set of microwires in one go, i.e.
without having to warm everything up, connect some new microwires us-
ing wirebonds, and then cool down again. Although we could connect the
12 microwires using 24 bonding pads, these bonding pads would become
too small to fabricate. Therefore we thought of a connection scheme using
just 13 of these bonding pads while still being able to measure the com-
plete set of microwires. Lastly we want to plot the dissipation of the dif-
ferent microwires versus current and frequency. We can set the frequency
with the lock-in amplifier, but we need a measure for the current at that
frequency. To do so we installed an extra resistor in the circuit and used
a four point measurement to extract the current running through the sys-
tem. We will now discuss each of these parts in more detail.
Automating the measurement
The protocol takes approximately 45 minutes to complete and then re-
turns one data point. In order to be able to measure a significant amount
of data, we decided to measure during the night as well, so we had to auto-
mate the process. This was not difficult to implement, since the only thing
our program had to do was wait: turn on PID, wait, turn off PID, wait, turn
on signal, wait etc. After each full cycle of the protocol, the program had
to restart using a different current and/or frequency for the signal which
in the end resulted in a very small text file containing a couple of numbers
for the dissipation at certain currents and frequencies. The only important
point for the automated measurement to be able to run overnight was for
it to have a safety measure for the temperature. If the temperature of the
target heat bath reached a certain value (above the set temperature of the
PID control loop), the program had to skip the remaining steps of the pro-
tocol and wait for the sample holder to cool down again before starting
the next measurement. In effect, this safety measure would take action if
the microwire dissipated more power than the heater would need to reach
the set temperature.
Measuring the complete set of microwires
In order to be able to measure the complete set of microwires while
staying within the limits of fabrication for the niobium strips on the sam-
ple holder, we decided to connect each niobium strip to two adjacent mi-
crowires as illustrated in figure 5.6. To send current through the first mi-
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Figure 5.6: Schematic of the connection scheme to connect all 12 microwires on
the chip with just 13 niobium strips. When we connect Nb-strip 1 and 2, the signal
will flow through microwire I (red). When we connect Nb-strip 2 and 3, the signal
will flow through microwire II (green).
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crowire, we would connect the signal output to the first and second nio-
bium strip (red).To send current through the second microwire, we would
connect the signal output to the second and third niobium strip (green).
Using this connection scheme, we need only 13 niobium strips on the sam-
ple holder (7 on one and 6 on the other side) to connect all 12 microwires.
Due to symmetry considerations and ease of fabrication, we decided to
place 14 niobium strips (7 on each side of the chip) on the sample holder.
This connection scheme comes with another advantage which is that
we can do a 4-point measurement over 10 of the 12 microwires. For the
second microwire for example, I+ and I- are connected to niobium strips 2
and 3 and V+ and V- are then connected to bonding pads 1 and 4.
Measuring the current passing through the sample
Eventually we want to plot the dissipation as a function of frequency and
current. Therefore we have to know the current passing through the mi-
crowire. As we have seen in the first part using the lock-in amplifier to
extract the dissipation, we used a 1kΩ resistor as an IV-converter to con-
vert 1V at the output of the lock-in amplifier to 1mA in the system. The
length of the coaxial cables however influenced the cut-off frequency of
the filter due to the capacitance of 100pF/m which caused 1V at 5MHz to
correspond to a lower current through the system than 1V at 1MHz.
In order to compensate for this effect, we added a 100Ω test resistor
(figure 5.8) to the system and measured the transfer function over this re-
sistor using a four point measurement with the lock-in amplifier as shown
in figure 5.9 (a). We compensated the voltage at the output of the lock-in
amplifier to return a constant voltage over the test resistor over the whole
frequency range (figure 5.9 (b)).
Compensating for the transfer function of the system corresponded to
sending a larger voltage at higher frequencies with a multiplication factor
of about 1.5 at its peak around 5MHz. This limits the current we can send
through the system because the voltage range of the lock-in amplifier is
limited to 20Vpk. Note that an AC current is measured as the root mean
squared value of the signal, thus further reducing the effective range of
the current by a factor
√
2. Furthermore, the 100Ω test resistor and the
resistance of the cables increase the resistance of the system to 1.15kΩ re-
sulting in an additional factor of 1.15 limiting the current we can send to a
maximum of 7mA.
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Figure 5.7: Microscope image of the chip connected to the niobium strips using 4
aluminum wirebonds per bonding pad of the microwire (showing 96 wirebonds
in total). The lower right niobium strip is unconnected because only 13 Nb-strips
are needed to connect all 12 microwires (see figure 5.6).
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Figure 5.8: Schematic of the circuit used to send the signal through the microwire
and measure the current continuously. We send the signal and measure the cur-
rent differentially with a lock-in amplifier. The microwire is again modeled as a
very small resistor and inductor. We use two 500Ω resistors to produce 1mA from
1V. This produces a differential low-pass filter with a 10MHz cutoff frequency in
combination with a 15pF capacitor. This filter is used to protect the microwires
from high frequency jitter generated by the lock-in amplifier.
42
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Figure 5.9: Measured current trough the 100Ω test-resistor after compensating for
the transfer function. The lock-in amplifier cannot send a high enough voltage
to compensate the current values of 8mA and higher over the whole frequency
range. The measured transfer function is shown in the inset. The transfer function
is measured at 1V, 2V and 10V where the last two values were normalized to
the 1V curve by dividing the measured values by 2 and 10 respectively. The
value for the DC voltage is plotted as a guide to what the value should become:
(100Ω/1144Ω) ∗ 1V = 0.0874V.
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5.3 Results and discussion
In this chapter we will look at the results produced by the calorimetric
setup. The results look promising at first and correspond with the values
of our predecessor, but we will find that we are not measuring the dissi-
pation of the microwire. We will investigate this in two parts that both
originate from the difference between the shape of the measured temper-
atures and the theoretical shape derived from the protocol. We will first
look at a temperature increase in two steps during the time the RF-signal
is on and then at a longer cooldown time for measurements where the
temperature increased in two steps.
Once we know which components cause the measured dissipation, we
will explain how it generates a thermal hysteresis effect in the experiment
and finally we will look into how these components could cause this dis-
sipation.
We will start this chapter, however, with some cooldown induced de-
fects: defects that were not there before we cooled the experiment down.
5.3.1 Cooldown induced defects
With the experimental setup as described above we are able to measure
the complete set of microwires without reconnecting anything in the cold
part of the setup. Although the cooldown induced a number of defects
in the setup, they were not so severe that we couldn’t conduct the experi-
ments. When we checked the setup, we found that two cables had broken.
This meant that we could only measure 10 of the 12 microwires because
each cable was connected to two microwires (see chip connection scheme).
Furthermore, the connection to thermometer on the reference heat bath
was lost, so we could not measure the temperature on that bath. This de-
fect meant that we were unable to keep the temperature of the thermal
bath constant during the measurements. Any fluctuations in the tempera-
ture of the base plate could thus couple to the experiment. Although this
might sound like a reason to not conduct the experiment, the actual prob-
lems are not so prominent because of two reasons. First, the calorime-
ter we used was based on a paper by Kajastie et al. [12] who used their
calorimeter in a wet cryostat, i.e. a cryostat using liquid helium to cool
down the calorimeter. The temperature of this calorimeter would slowly
increase due to the reducing level of the liquid helium during the experi-
ment. We used a dry cryostat where there is no liquid helium to boil off.
The temperature of our base plate is thus much more stable than the base
temperature of the cryostat in the paper. Secondly, although we were un-
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able to keep the reference heat bath at a constant temperature, the bath
still served as a thermal low pass filter due to its large heat capacity. This
stabilized the possible thermal fluctuations in the temperature of the base
plate and thus shielded the target heat bath from them.
A third defect was found on the chip. One of the microwires had
broken during cooldown, further reducing the number of measurable mi-
crowires to 9 out of 12. The three unmeasurable microwires were 20-0x0,
20-10x0.5, and 20-100x0.5 (see Chip design). This would still give us two
points for the supply part of the microwires but unfortunately only 1 for
the thinnest RF-source in the microwires (0.5µm). We would still get three
points for the largest length of the microwires (300µm) and two for the
other two lengths. With these points, we should still be able to extrapolate
the behavior for the thinnest RF-source.
5.3.2 Two step temperature increase
Our predecessors had already measured the dissipation of a single mi-
crowire of which we had a geometrically similar microwire on the chip.
We thus decided to reproduce the results of our predecessors first. The dis-
sipation of this microwire is shown in figure 5.10 and corresponds roughly
with the results of our predecessor: the dissipation increases with fre-
quency and with current and the values for the dissipated power lie in
the same range.
Note that in figure 5.10, the 2mA curve (red) seems to make a sudden
jump at 5MHz. To find out whether this was not just a measurement er-
ror, we decided to check the raw data. Recall that each of the data points
shown took 45 minutes. The raw data is thus of the measured tempera-
ture during the measurement to see if it corresponded with the measured
dissipation.
The value for the dissipation of the 2mA, 5MHz measurement is com-
parable to the values of the 3mA curve. Therefore we decided to check if
similar behavior is visible in the measured temperatures of the 3mA curve.
The measured temperatures during the measurement of all points on the
2mA and 3mA curve are shown in figure 5.11 and 5.12.
The measured temperatures corresponding to points in figure 5.10 that
returned a non-negligible value for the dissipation (corresponding to the
last 11 measured points) exhibited a significantly different behavior than
the measured temperatures of the other points. This behavior is character-
ized by an increase in temperature in two steps when the RF-signal is sent
through the microwire and by a longer cooldown time. We will investigate
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Figure 5.10: Measured power dissipation of the NbTiN microwire of 300x2.0µm
at 5 Kelvin for various frequencies and currents of the RF-signal through the mi-
crowire.
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Figure 5.11: Trace of the temperature during the measurements of the dissipation
of the 300x2.0µm microwire for increasing RF-frequencies at a current of 2mA.
The temperature profile matches with the measurement procedure (figure 5.4)
except for the last measured value, 5.0MHz, which shows a steep temperature
increase around 20 minutes and a longer cooldown time from around 30 minutes.
the two step temperature increase here and analyze the longer cooldown
times in the next part.
As stated above, the temperature profile matches with the protocol for
the 2mA curve except for the last measured value. The temperature of the
2mA, 5MHz measurement exhibits a significantly different behavior than
the other curves. The signal through the microwire is turned on at around
8 minutes and turned off at around 28 minutes in the measurement. Ap-
proximately 15 minutes after starting to send the signal through the mi-
crowire however, the temperature increases strongly. Although the cause
for this effect is unclear the raw data do correspond with the measured
dissipation: the jump in figure 5.10 is not a measurement error.
The measured temperatures during the measurements of the points on
the 3mA curve are shown in figure 5.12. One of the more prominent fea-
tures of the data is the two steps with which the temperature increases
for frequencies 0.5− 3.5MHz. This behavior corresponds with the 2mA,
5MHz measurement, although there the second increase is cut off by the
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Figure 5.12: Trace of the temperature during the measurements of the dissipa-
tion of the 300x2.0µm microwire for increasing RF-frequencies at a current of
3mA. These traces were taken directly after the traces of figure 5.11 were com-
pleted. The temperature shows an increase in two steps between 10 and 25 min-
utes for frequencies up to 3.5MHz and a single increase from 4.0MHz onward.
The cooldown times at around 30 minutes increase with frequency whereas the
cooldown times at around 5 minutes overlap.
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Figure 5.13: Trace of the temperature during the measurements of the dissipation
of the 300x2.0µm microwire for increasing RF-frequencies at a current of 3mA.
These traces (as opposed to figure 5.12) were taken without any prior measure-
ment. The temperature shows an increase in two steps between 10 and 25 min-
utes for the highest two frequencies, 4.5 and 5.0MHz as well as a longer cooldown
time.
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much more rapid temperature increase of the PID loop. From 4MHz on-
ward, the behavior corresponds with what we should expect from the pro-
tocol, although it seems more likely that for those frequencies the two steps
just overlap. The collection of the 30 points in figure 5.10 took a little less
than 24 hours since each point takes about 45 minutes. The two step be-
havior visible in the last of the 2mA and all of the 3mA points, totaling a
period of a little more than 8 hours. Because of these long time scales, it
seems implausible that this effect would be irreproducible. However, to be
certain, we decided to reproduce the data for all frequencies at 3mA since
that is where the two step behavior is best visible.
When we measured the dissipation curve for 3mA again, the curve
returned almost no dissipation up until 4MHz where it shot up to the
curve of the first measurement. The measured temperatures during that
measurement are shown in figure 5.13. The temperatures exhibit the same
two step behavior for these higher frequencies (although these steps start
to overlap again for 5.0MHz).
The measurement is thus only half reproducible which might not in-
duce confidence in the overall results we found for the dissipation. Keep in
mind however that the measured temperatures do correspond completely
with the measured dissipation. The calorimeter itself is thus working ex-
actly as it should: heat is produced when we sent the RF-signal trough the
microwire and this heat is measured by the calorimeter. The question to
be asked is thus: does this heating originate from the microwire or from
some other component along the line?
The effect is so significantly different and vehement (especially in fig-
ure 5.13) that we might think that it originates from the quenching of a
superconductor. Therefore, apart from the temperature and the power, we
also monitored the current we sent through the test resistor during each
measurement. In effect we measured the voltage over the 100Ω resistor
and then calculated the current corresponding to that voltage. The volt-
ages for 3.5MHz and 4.0MHz are shown in figure 5.14 along with the re-
spective temperatures during the measurement. For clarity we show these
two only, but all measurements where the temperature increases strongly
(in one or two steps) exhibit the same behavior: the voltage over the 100Ω
resistor drops during the measurement.
The drop in the voltage over the resistor indicates an increase in the
impedance of the total system. During the measurements where the tem-
perature shows no steep increase, the voltage over the test resistor remains
constant. The decrease in voltage can thus be linked to the increase in tem-
perature. Since nor the voltage nor the frequency of the signal we send
changes during the measurement, a plausible explanation for this effect
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Figure 5.14: Trace of the temperature and of the voltage over the test resistor dur-
ing the measurement of the dissipation of the microwire for 3.5 and 4.0MHz. The
voltage over the test resistor drops by approximately 1.5% during the measure-
ment. The steps in the voltage are still slightly visible in the trace for 4.0MHz, but
the steps in the temperature overlap too much to be distinguishable.
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would indeed be that some superconductor in the system quenches.
From the decrease in voltage, we calculate an approximate increase in
impedance in the system of 1.5% corresponding to 18Ω. This value for the
resistance would dissipate about 160µW at 3mA, which corresponds nicely
with the total measured dissipation. The question that remains is thus:
which of the superconducting components in our setup comes closest to
this 18Ω?
We have quite some superconducting components in our system: su-
perconductor in copper, superconductor in copper-nickel, the niobium
strip and finally the NbTiN microwire on the chip.
For a niobium-titanium filament with a length of 0.2m, a diameter of
10µm, and a resistivity of 0.6µΩm [13], this leads to a resistance of roughly
1.2kΩ. This filament is used in both the copper and the copper-nickel ca-
bles. The thinnest part of the NbTiN microwire on the chip is responsible
for the largest part of the resistance. The dimensions of this part are 300µm
long, 2µm wide, and 300nm high. This results in a resistance of 500Ω using
1µΩm resistivity [14]. In the same way, the niobium strip and the copper
surrounding the superconductor give a negligible resistance of < 1mΩ.
Neither of these values lies in the range of the resistance we need. If the
niobium-titanium filament in copper-nickel quenches however, the cur-
rent will flow through the copper-nickel. Copper-nickel returns a value of
a couple of Ωs for these dimensions and thus comes closest to the resis-
tance we need.
Let us assume that the superconductor in copper-nickel indeed quenches
and that the current through the copper-nickel causes the increased heat-
ing. This would give a feasible explanation for the two steps with which
the temperature increases. Recall that each microwire is connected by two
copper-nickel cables (one supply and one drain). These cables are not
identical, so if one of these cables is longer, or has a narrowing in the su-
perconducting filament, the spot welded or soldered contact is worse, etc.,
the superconducting filament in this cable could quench more easily than
that in the other cable. One cable would then quench earlier in the experi-
ment than the other explaining the temperature increase in two steps. For
higher frequencies, the energy is high enough to quench the superconduc-
tors in both cables near the start of the measurement causing the two steps
to overlap.
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5.3.3 Cooldown times
As stated above, the measured temperatures that returned non-negligible
dissipation showed significantly different behavior from the measured tem-
peratures of the rest of the points. We looked at the two step tempera-
ture increase in the previous part. We came up with the hypothesis that
we were looking at the quenching of the superconducting filament in the
copper-nickel cables.
In order to investigate this further, we will analyze the cooldown times
of the target heat bath. Recall that the protocol consists of roughly two
parts: a calibration and a dissipation measurement. This means that the
target heat bath cools down twice per measurement. We will look only
at the second cooldown, however, because all cooldown times overlap for
the calibration part. Note that this immediately links the longer cooldown
time to heat dissipated by sending the RF-signal through the system. But
this link is even more pronounced: the cooldown time for a measurement
where the temperature has increased more during the time we sent the
RF-signal is longer than one where the temperature increased less. The
temperature tends to end at a slightly higher value than the base tempera-
ture when the temperature has increased significantly, but this value does
not seem to depend on the amount the temperature increased.
The following analysis is exactly the same for all cooldown times but
we decided to show the cooldown times of the reproduced 3mA curve for
clarity. In order to visualize the difference between the cooldown times
of this measurement more easily, we subtracted the base temperature and
plotted them in a semi-logarithmic plot as shown in figure 5.15.
Version of March 25, 2017– Created March 25, 2017 - 16:40
53
54 Part 2: Method B: Calorimetric
Figure 5.15: Cooldown time of the sample holder during the measurements of the
dissipation of the microwire for increasing RF-frequencies at a current of 3mA
without any prior measurements. The temperature shows a single exponential
decay for frequencies up to 4.0MHz and a multiple exponential decay for the
higher frequencies, 4.5 and 5.0MHz. The 1.1 and 11 minute decay times are ex-
tracted from a fit of the data while the 3 min decay time originates from a calcu-
lation for the copper-nickel cables.
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As we can see in figure 5.15, the majority of the cooldown times form
straight lines. We can see why this is the case if we look at the formula for
exponential decay:
N(t) = N0e−(t/τ)) (5.1)
with N(t) the value at time t, N0 the value at the start, and τ the char-
acteristic time scale. A single exponential decay becomes thus a straight
line in such a semi-logarithmic plot. This is exactly what happens with
the temperature of the 0.5− 4MHz measurements. The cooldown of the
temperature of the two frequencies that did cause an increase in tempera-
ture however correspond with a multi exponential decay. The formula for
single exponential decay can be generalized as follows for a multi expo-
nential decay:
N(t) = N0,1e−(t/τ1) + N0,2e−(t/τ2) + ... (5.2)
At first sight the cooldowns in figure 5.15 look like a double exponen-
tial decay (two straight lines), but keep in mind that the characteristic
cooldown time of the target heat bath (1.1 min) has to be present in all
cooldown curves. We can thus fit the curves with a double exponential
decay to extract the characteristic cooldown time of the second straight
line. When we do this, we find two different times for the first part (1.4
and 2 minutes) and 11 minutes for the second part. When we fit all other
cooldown times in the same way, the first part returns different values be-
tween 1.2 and 2.1 minutes, while the second part continuously returns a
characteristic time of 11 minutes.
There are thus three different characteristic times present in the cooldown:
1.1 minutes for the target heat bath, an unknown intermediate timescale
and a long timescale of 11 minutes. In order to find the possibly respon-
sible components in our setup, we calculated the characteristic cooldown
times for each of these.
The characteristic cooldown time depends on the heat capacity and
heat conductivity of the material, both of which depend on the geometry
of the component. The formula for the characteristic time is as follows:
τ =
heat capacity
heat conductivity
=
cρV
κA/L
=
cρL2
κ
(5.3)
with c the specific heat in J/kg/K, ρ the density in kg/m3, V the volume
in m3, κ the thermal conductivity in W/m/K, A the area through which
the heat can flow in m2 and L the length in m. Since we are for most
parts dealing with a cable, the area through which the heat can flow is
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also present in the volume. This is why we can cancel the area in the last
step. For a copper-nickel cable with a length of 0.2m, a diameter of 100µm,
a specific heat of 1J/kg/K [15], a density of 9000kg/m3 [15], and a thermal
conductivity of 2W/m/K [16], the formula returns a characteristic decay
time of 3 minutes.
This time is not nearly long enough to explain the 11 minute decay
time, but it could well be the intermediate timescale that in combination
with the 1.1 minute decay time of the target heat bath causes the first part
of the decay.
The 11 minute characteristic decay time is too long for any metallic
component (bear in mind that we chose copper-nickel as an envelope of
the superconductor because its heat conductivity was low), so we need
an insulating component to account for this decay. The only insulating
component present is the Teflon coating which we used as a strain relief
for the copper-nickel cable. The calculation returns a characteristic time
for Teflon of more than an hour when we choose the location where it can
lose its heat to be at the end points only. The Teflon can however transfer
its heat to the copper-nickel over the whole length of the cable, lowering
the characteristic time to 12 minutes. This characteristic time corresponds
very nicely with the experimentally found 11 minutes.
Furthermore, if the copper-nickel is indeed the source of the dissipa-
tion, the Teflon will be heated over the length of the entire cable. When
the signal is turned off however, the dissipated heat can only flow away
through the copper-nickel to the endpoints. This causes the Teflon to heat
up in less time than it takes to cool down.
In order to check if the heat is indeed dissipated in the copper-nickel
cables, we decided to use the experimental 1.1 minute and 11 minute and
the calculated 3 minute decay times to fit the data using a triple exponen-
tial decay function:
N(t) = N0 + N0,1e−(t/τ1) + N0,2e−(t/τ2) + N0,3e−(t/τ3) (5.4)
We fixed the decay times to τ1 = 1.1min, τ2 = 3min, τ3 = 11min, and
the offset to N0 = 0, which left the amplitudes, N0,1, N0,2, and N0,3, of the
three exponential functions to be fitted.
The target heat bath cools down with a characteristic time of 1.1 min-
utes, irrespective of what causes the heating. How much the cooldown
time depends on the characteristic time of the target heat bath should thus
be constant for all measurements.
The Teflon stores some heat produced by the cables and returns it very
slowly to the target heat bath via the copper-nickel cables. The character-
istic time of the Teflon is much longer (11 minutes) than that of the target
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heat bath (1.1 minutes) and that of the copper-nickel cables (3 minutes).
How much the cooldown time depends on the characteristic time of the
Teflon should thus be practically constant as well.
However, how much the cooldown depends on the characteristic time
of the copper-nickel cables should be proportional to the heat dissipated
in these cables.
To explain this last point we will assume that the copper-nickel cables
are indeed the cause of the increased heating. When the superconductor
in the copper-nickel quenches, these cables start to dissipate. A part of
this heat will flow to the target heat bath and then to the reference heat
bath and the base plate until, after some time, a steady state is reached.
When we then cut the RF-signal, the target heat bath starts to cool down
with its characteristic time of 1.1 minutes. However, the heat that is at
that time stored in the copper-nickel cables can only flow away through
its endpoints towards the target heat bath. The time that it takes for this
heat to flow to the target heat bath is the characteristic time we calculated
for copper-nickel: 3 minutes.
Now, when more heat is produced during the measurement, more heat
is stored in the copper-nickel cables at the moment when we cut the RF-
signal. The higher this heat load from the copper-nickel cables is, the
longer it will take for the target heat bath to cool down.
The amount in which the cooldown time depends on the character-
istic time of the copper-nickel cables, should thus be proportional to the
heat stored in those cables when we cut the RF-signal. This stored heat is
proportional to the heat produced in those cables and that is exactly the
dissipation we measured.
Therefore, how much the cooldown time depends on the characteristic
time of the copper-nickel cables (3 minutes) should be proportional to the
measured dissipation. The amount in which the cooldown time depends
on the 3 minute characteristic time is reflected in the fitted amplitude of
the exponential decay function with the 3 minute characteristic time.
We then plotted the fitted amplitude, N0,2, of the exponential decay
function for the characteristic time of 3 minutes, along with the measured
dissipation at 3mA. The resulting graph is shown in figure 5.16 and the fit-
ted amplitude follows the curves of the measured dissipation nicely. This
confirms our suspicions: the heat is indeed generated in the copper-nickel
cables.
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Figure 5.16: Measured dissipation of the microwire for increasing frequencies at a
current of 3mA along with the fitted amplitude for the 3 minute exponential decay
time. Measurement 1 corresponds with the dissipation measured at 3mA directly
after a measurement of the dissipation at a current of 2mA, whereas measurement
2 corresponds to a measurement at 3mA without prior measurements (see figures
5.11-5.13). The normalized amplitude from fit is the amplitude of the 3 minute
exponential decay time fitted to the cooldown of the sample holder during these
measurements.
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Figure 5.17: Measured dissipation of the microwire for increasing and decreasing
frequencies at a current of 3mA showing hysteresis, i.e. the measured dissipation
for a certain frequency depends on the previously measured frequency.
5.3.4 Thermal hysteresis of measurements
With the above in mind, the overall results can be understood more clearly.
When the superconductor quenches, the current starts dissipating in the
copper-nickel cable and a part of this heat is stored in the Teflon. This
Teflon then keeps the cable warm causing the superconductor to quench
more easily during the next measurement.
In the first measurement the superconductor quenched at 5MHz with
2mA, heating the Teflon. When the 3mA measurement started at a fre-
quency of 0.5MHz, the cables were still warm, causing the superconductor
to quench again during that measurement. When we however started the
3mA measurement at 0.5MHz without any prior measurements, the cables
were cold making it impossible for the superconductor to quench at that
frequency. This measurement thus returned a value for the dissipation at
that frequency and current of practically zero.
If all this is true, the dissipation versus frequency curve should show
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Figure 5.18: Measured transfer function over one of the supply cables. The func-
tion looks like an LC-resonator (see also figure 5.3.5, but the voltage peaks around
4.5MHz while the phase crosses zero at around 4MHz. The shift of the peak is
due to the multiplication factor we use to send a constant current through the
test-resistor.
a hysteresis depending on the previously measured point. The results of
this experiment are shown in figure 5.17 where the hysteresis is clearly
visible. Each point on that graph can now be reproduced, albeit with two
possible outcomes for the points up to a 4MHz depending solely on the
history of the experiment.
5.3.5 Cause of superconductor quenching
The last question that remains is then: why would a cold superconductor
in a supply cable quench at frequencies above 4MHz?
In order to find a possible cause for the quenching of the superconduc-
tor in the supply cable we measured the transfer function over that ca-
ble using a four-point measurement. This function is shown in figure 5.18
along with the circuitry used. As can be seen, the voltage over the cable in-
creases 20-fold towards its peak and the phase crosses zero around 4MHz
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Figure 5.19: The circuit used to measure the transfer function of the supply wire
of figure 5.18. Current I1 is the current we send and measure, current I2 is the
added current due to the LC-resonator. The cable capacitance is modeled as a
capacitor, but is in reality spread out over the whole cable.
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corresponding to maximal real dissipation. Keep in mind that we compen-
sated for the transfer function over the test resistor. At 5MHz we are thus
sending 1.5 times the voltage we would be sending at 1MHz. Although
this might help a little in quenching the superconductor, it is almost noth-
ing compared to the remaining 10-fold increase. This multiplication factor
does however move the peak a little towards the higher frequencies, which
explains why the peak does not match with the phase crossing zero. With
this in mind, we can identify the peak as an LC-resonator peaking around
4MHz. For an LC-resonator peaking at 4MHz we would need around
0.6− 1µH in combination with 1.3− 2nF. These values are not too dis-
similar from the values found in part A and lie within realistic values as
well.
An LC-resonator is named after its components (L for inductor and C
for capacitor) and can store energy in its circuit oscillating at the resonance
frequency. In our case this means that there is a higher total current run-
ning through our circuit than the current we measure with the test resistor
(figure 5.18 (b)). This higher current takes some time to build, because we
have some damping due to for example the small resistance of the wire-
bonds, but eventually causes the superconductor to quench at these higher
frequencies.
5.4 Conclusion
We wanted to measure the dissipation of a set of microwires to find the
dissipation dependence on the geometry of such a microwire. Our mea-
surements of the dissipation of such a microwire were however obscured
by the dissipated heat due to the quenching of the superconducting fila-
ment in the supply cables. Although we did thus not measure what we
wanted to, the experiment does not qualify as a failure because of three
reasons: we are able to measure dissipation using the calorimeter; we
were able to attribute this dissipation to a source in the system through
thorough data analysis; and, most importantly, the dissipation of the mi-
crowire is a lot less than was previously thought.
We will illustrate this last point using figure 5.17 which we plotted semi
logarithmically to highlight the measured values that returned a low dissi-
pation (figure 5.20). Neglecting the dissipation due to the copper-nickel ca-
bles (dashed), we can see a trend in the remainder of points. The cooldown
times for all of these points is the same (1.1 min), thus the dissipation does
not originate from the copper-nickel cables. This dissipation is therefore
most likely the true dissipation of the microwire. This would mean that
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Figure 5.20: Measured dissipation of the microwire of figure 5.17 plotted on a
semi log scale for a current of 3mA. The points due to the dissipation of the
copper-nickel cables are dashed. The remainder of points shows dissipation com-
ing from another source. Up to 3MHz these points lie in the noise regime of the
calorimeter. The points for 3.5 and 4MHz however show a definite dissipation of
2.5 and 4µW.
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the microwire does not dissipate more than a microwatt up to 3MHz and
no more than 5µW up to 4MHz for at least 3mA. Recall that due to the
LC-resonator more current could flow through the microwire. If this is in-
deed the dissipation of the microwire, it would be significantly less than
previously thought on the basis of the results of our predecessors.
64
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Conclusion and outlook
In this thesis we tried to measure how the dissipation of a microwire with
an RF-source depends on the geometry of that wire. The measurements of
our predecessor predicted values for the dissipation of such a microwire
on the order of a couple hundred microwatts [2].
When we measured the dissipation of such a microwire, the dissipation
of that microwire was overshadowed by the dissipation coming from the
supply cables after the superconductor in that cable had quenched. It is
important to note, however, that the values that we measured correspond
very well with the previously measured values. The difference is that we
attributed the measured dissipation to the supply cables and not to the
microwire. One of the questions that this result poses is thus whether the
supply cables are also a problem in the actual MRFM experiments and if
so, if we can improve those cables.
The good news is that the dissipation of the microwire is much lower
than previously thought: smaller than 2µW up to 3MHz and smaller than
5µW up to 4MHz at 3mA and 6K. This does however pose the second
question: how much do these microwires dissipate? From an experimental
point of view, this second question is not as important to answer as the
first. Although we still want to know where the heating of the experiment
comes from, the focus has to shift from the microwire to the supply cables
and the overall circuit. The take-home message from this thesis will thus
be: whenever high frequencies are concerned, take the time to design a
circuit that is able to cope with those frequencies.
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